Alterations in oxidative metabolism are considered to be one of the major contributors to Huntington's disease (HD) pathogenesis. However, existing data about oxidative metabolism in HD are contradictory. Here, we investigated the effect of mutant huntingtin (mHtt) on oxidative metabolism in YAC128 mice. Both mHtt and wild-type huntingtin (Htt) were associated with mitochondria and the amount of bound Htt was four-times higher than the amount of bound mHtt. Percoll gradientpurified brain synaptic and non-synaptic mitochondria as well as unpurified brain, liver and heart mitochondria, isolated from 2-and 10-month-old YAC128 mice and age-matched WT littermates had similar respiratory rates. There was no difference in mitochondrial membrane potential or ADP and ATP levels. Expression of selected nuclear-encoded mitochondrial proteins in 2-and 10-month-old YAC128 and WT mice was similar. Cultured striatal and cortical neurons from YAC128 and WT mice had similar respiratory and glycolytic activities as measured with Seahorse XF24 analyzer in medium containing 10 m glucose and 15 m pyruvate. In the medium with 2.5 m glucose, YAC128 striatal neurons had similar respiration, but slightly lower glycolytic activity. Striatal neurons had lower maximal respiration compared with cortical neurons. In vivo experiments with YAC128 and WT mice showed similar O 2 consumption, CO 2 release, physical activity, food consumption and fasted blood glucose. However, YAC128 mice were heavier and had more body fat compared with WT mice. Overall, our data argue against respiratory deficiency in YAC128 mice and, consequently, suggest that mitochondrial respiratory dysfunction is not essential for HD pathogenesis.
Introduction
Huntington's disease (HD) is a fatal neurodegenerative disorder that belongs to the family of polyglutamine ( polyQ) diseases (1) and manifests in motor, cognitive, psychiatric and behavioral abnormalities (2) . In 1993, HD was linked to a mutation in huntingtin (Htt), a 350 kDa protein that in healthy individuals contains no more than 35 glutamines at a site near the N-terminus (3) . An increased number of glutamines in the poly-glutamine ( polyQ) stretch of Htt correlates with neuronal dysfunction in the striatum and cerebral cortex, and eventually results in neuronal loss (4) . The exact mechanism of the deleterious effect of mutant Htt (mHtt) on neurons is not yet clear, but may include altered gene transcription (5) , abnormal autophagy (6), defective mitochondrial biogenesis (7) and aberrant mitochondrial dynamics (8) (9) (10) and trafficking (7, 11) . In addition, bioenergetic defects are considered to be major contributing factors to neuronal dysfunction in HD (12) , although the mechanism by which mHtt affects energy metabolism is not completely understood. It has been shown that HD patients at early stages of the disease have impaired glucose metabolism (13) . In postmortem brain tissue from HD patients, decreased respiratory activity of HD caudate mitochondria (14) and defects in mitochondrial Complexes II, III and IV were found (15, 16) . However, it is not clear whether these mitochondrial defects contribute to HD pathogenesis or if they are a consequence of late stage of HD pathology. In support of the hypothesis that mHtt affects energy metabolism, Kim et al. (17) found a significant reduction in respiration of succinatefueled striatal mitochondria from pre-symptomatic transgenic D9-N171-98Q mice, compared with their wild-type littermates, suggesting Complex II impairment. In another study, Damiano et al. (18) detected defects in respiration of mitochondria from forebrains of N171-82Q transgenic mice.
However, other investigators failed to find definitive evidence for a deleterious effect of mHtt on energy metabolism. Guidetti et al. (19) and Olah et al. (20) failed to find a difference in activity of mitochondrial Complexes I-IV in brain mitochondria of HD mice compared with mitochondria from wild-type animals. Milacovic and Johnson (21) also did not find a difference in the activities of mitochondrial Complexes I-IV in mutant STHdh Q111/Q111 striatal neuronal progenitor cells compared with wild-type STHdh Q7/Q7 cells. Oliveira et al. (22) found that respiratory activity of striatal neurons from heterozygous knock-in Hdh 150/+ mice and WT littermates was similar. Gourane et al. (23) also found no difference in respiration of striatal neurons from transgenic BACHD rats compared with wild-type neurons, when cells were fueled with 25 m glucose and 1 m pyruvate. Thus, whether mHtt affects oxidative metabolism and the potential mechanisms of this mHtt effect remains unclear.
In the present study, we, for the first time, evaluated the effect of mHtt on oxidative metabolism using isolated Percoll gradientpurified brain mitochondria (synaptic and non-synaptic), and unpurified brain, heart and liver mitochondria from 2-and 10-month-old YAC128 and wild-type FVB/NJ mice (WT) as well as primary striatal and cortical neurons from postnatal Day 1 WT and transgenic animals. Additionally, we evaluated oxidative metabolism in in vivo experiments with YAC128 and WT mice. Despite all our efforts, we did not find evidence for mHtt-induced impairment of oxidative metabolism in YAC128 mice.
Results
In our experiments, we used YAC128 mice, which express full-length human mHtt with a 128-glutamine stretch near the N-terminus (24) . At 2 months of age, these mice begin to demonstrate a behavioral abnormality characterized by clasping of fore-and hind-limbs when suspended by the tail (Fig. 1A and B ). This behavior is typical for transgenic HD mice (25, 26) . We regularly observed clasping behavior in 2-month-old YAC128 mice. Overall, out of 288 2-month-old YAC128 mice of both sexes (162 males and 126 females) tested for clasping behavior, clasping behavior was detected in 158 animals (96 males and 62 females). In our study, we used early symptomatic 2-month-old YAC128 mice and their WT littermates as well as 10-month-old YAC128 mice at the later stage of pathology and their agematched littermates to prepare isolated brain mitochondria. We used animals of both sexes.
Every mouse used in our experiments was genotyped (Fig. 1C ). In addition, western blotting was used to confirm the presence of mHtt in all samples used. In immunoblotting experiments with brain homogenates and cytosolic and purified synaptic (neuronal) mitochondrial fractions from WT and YAC128 mice, we used two different antibodies for total Htt and mHtt: monoclonal anti-Htt antibody 2166 (mAb 2166, Millipore), which recognizes both wild-type Htt and mHtt, and monoclonal anti-polyQ antibody 1C2 (mAb 1574, Millipore), which recognizes mHtt.
With mHtt-specific mAb 1C2, a 350 kDa band, representing mHtt, was detected in homogenates, cytosolic and mitochondrial fractions from YAC128 mice, but not in samples from WT animals ( Fig. 2A) . Probing purified brain synaptic mitochondria with mAb 1C2 produced a distinct band indicating that mHtt is associated with isolated mitochondria. A similar result was produced with non-synaptic mitochondria (data not shown). Probing with anti-Htt mAb 2166, we detected a 350 kDa band, corresponding to wild-type Htt, in both WT and YAC128 samples (Fig. 2B) . In brain homogenates and cytosolic fractions from YAC128 mice, mAb 2166 detected an additional band with a slightly higher molecular weight that represents mHtt. The level of expression of human mHtt was similar to the expression of endogenous wild-type Htt (Fig. 2B) , which is consistent with previously reported data for YAC128 mice (24, 27) . α-Tubulin and cytochrome c oxidase subunit IV (COX IV) were used as cytosolic and mitochondrial markers, respectively. The weak α-tubulin bands seen in mitochondrial fractions were most likely due to tubulin binding to voltage-dependent anion channel (VDAC) in the outer mitochondrial membrane (28) . Interestingly, with mAb 2166, only wild-type Htt was easily detected in purified mitochondria from both WT and YAC128 mice, whereas the mHtt level in YAC128 mitochondria appeared to be much lower (Fig. 2B) . Only with increased protein loading (50 µg/lane) and extended film exposure, did a mHtt band become evident (Fig. 2C) . Similar results were obtained with non-synaptic mitochondria (data not shown). Figure 2D shows the results of densitometry of wildtype mouse Htt and human mHtt bands.
In our experiments, we used Percoll gradient-purified synaptic and non-synaptic brain mitochondria isolated from YAC128 and WT mice. To characterize the isolated mitochondria, we performed transmission electron microscopy (TEM). The TEM did not reveal overt morphological differences in non-synaptic ( Fig. 3A and B) and synaptic ( Fig. 3C and D) mitochondria isolated from 2-month-old YAC128 (Fig. 3A and C) and WT mice ( Fig. 3B  and D) . From these images, mitochondria were categorized into three distinct groups based on morphology ( Fig. 3E ): orthodox mitochondria with uniform, gray matrices, condensed mitochondria with compacted, dark matrices and swollen mitochondria with light, vacuolarized matrices. A similar approach was used by us and others previously (29) (30) (31) . In all cases, the majority of mitochondria appeared to be in a condensed state (Fig. 3F) , consistent with previously reported morphology of isolated brain mitochondria (29, 30) . It has to be mentioned that it is very well known that isolated mitochondria do not retain native morphology typical for the organelles inside of the cell. Nevertheless, isolated mitochondria retain biochemical functions such as respiration, membrane potential generation and ATP synthesis. This makes isolated mitochondria a valuable model to study the effects of different agents, in our case mHtt, under tightly controlled experimental conditions and easy access to the organelles. Thus, the purpose of Figure 3 is to illustrate the lack of overt morphological differences in synaptic and non-synaptic mitochondria isolated from WT and YAC128 mice. This, however, does not imply the lack of morphological differences in situ.
Next, we investigated the effect of mHtt expression on respiration of mitochondria isolated from brain (synaptic and nonsynaptic), heart and liver of WT and YAC128 mice. Previously, it was hypothesized that bovine serum albumin (BSA), usually used to preserve mitochondrial integrity during isolation and purification (32) , might interfere with mHtt binding to mitochondria and hence could eliminate a functional difference between mitochondria from HD transgenic mice and WT animals (33).
To avoid the possible confounding effect of BSA, we omitted BSA from all isolation and incubation media. We measured mitochondrial respiratory activity with either a combination of Complex I substrates malate (1 m) and pyruvate (3 m), or with the Complex II substrate succinate (3 m). In the latter case, incubation medium was supplemented with 3 m glutamate to remove oxaloacetate, an endogenous inhibitor of succinate dehydrogenase (34) , via a transaminase reaction (35) . We assessed basal respiration with only substrates present in the incubation medium (V 2 ), respiration stimulated by ADP (V 3 ), respiration after exogenous ADP was consumed by mitochondria (V 4 ) and maximal, and synaptosomes), liver and heart mitochondria isolated from YAC128 and WT mice also had similar respiratory rates (Supplementary Material, Figs S4-S6). These results suggest Figure 2 . Detection of wild-type mouse huntingtin (Htt) and mutant human huntingtin (mHtt) in homogenates, and cytosolic and synaptic mitochondrial fractions from 2-month-old YAC128 and WT mice. In (A) mHtt was detected with anti-polyQ 1C2 antibody as a single band exclusively in samples from YAC128 mice. The bands with lower molecular weights (∼200 kDa and 100 kDa) are present in both WT and YAC128 samples and most likely represent a result of non-specific cross-reaction with unidentified polyglutamine-containing proteins. In (B) Htt and mHtt were detected using western blotting with 2166 antibody, which recognizes both Htt and mHtt. In homogenates and cytosolic fractions from WT and YAC128 mice, a 350 kDa band, belonging to wild-type Htt, was detected, whereas two bands, most likely representing both Htt and mHtt, were detected in homogenates and cytosolic fractions from YAC128 mice.
Tubulin and COX IV were used as cytosolic and mitochondrial markers, respectively. In mitochondrial fractions from both WT and YAC128 mice, faint bands corresponding to Htt were detected, whereas amounts of mHtt attached to mitochondria were too low to be reliably detected with 2166 antibody. Only after an increase in protein loading (50 µg/lane) and in exposure time of the film, did mHtt band become evident (C). In A-C: H, homogenate; C, cytosolic fraction; M, mitochondrial fraction. In (D), the results of densitometry of mHtt and Htt bands obtained with 2166 antibody applied to mitochondrial samples.
Data are mean ± SEM, N = 7, *P < 0.01 comparing band intensity for mHtt and wild-type Htt. to fixation with 2.5% glutaraldehyde, mitochondria were incubated for 10 min at 37°C in the standard incubation medium. In (E), representative images of orthodox, condensed and swollen mitochondria. In (F) morphometric analysis of isolated mitochondria: o, orthodox mitochondria; c, condensed mitochondria; s, swollen mitochondria. Data are expressed as a percentage of the total number of analyzed mitochondria. Mitochondria were analyzed in a blind manner as described previously (29, 31) . The total number of mitochondria analyzed from each type of animal and each type of mitochondria was 450-500. that mHtt does not affect respiration of mitochondria isolated from YAC128 mice.
Consistent with our data, in a recent study, Yano et al. (36) did not find a difference in respiration of synaptic and non-synaptic mitochondria from R6/2 mice compared with mitochondria from WT animals. However, the authors presented evidence for mHttinduced inhibition of protein import into mitochondria, and suggested that such an inhibition might affect mitochondrial functions later in the disease progression (36) . According to the authors, this inhibition of mitochondrial protein import should result in a decreased amount of nuclear encoded mitochondrial proteins. However, the authors did not provide immunoblotting data supporting this hypothesis (36) . In an earlier study, Orr et al. In these immunoblotting experiments, we did not find any evidence for decreased expression of the analyzed proteins in mitochondria of YAC128 compared with mitochondria from WT mice regardless of their age (Fig. 6 ). In addition, we performed Blue Native-PAGE followed by western blotting analysis of expression of Ndufa9, incubation medium was supplemented with 3 m pyruvate ( pyr) and 1 m malate (mal). In (B), incubation medium was with 3 m succinate (succ) and 3 m glutamate (glut). In (C and D) statistical analysis of respiratory rates. Data are mean ± SEM, N = 10. In (E) western blot, indicating the presence of mHtt in non-synaptic mitochondria from YAC128 mice. VDAC was used as a loading control.
a nuclear-encoded subunit of Complex I (Fig. 7 ). Using this approach, we confirmed the lack of difference in expression of the Complex I subunit in mitochondria isolated from YAC128 and WT mice. These findings argue against mHtt-induced inhibition of the mitochondrial protein import and its potential role in inhibition in mitochondrial respiration.
In addition to respiration, we also evaluated mitochondrial membrane potential (Δψ) in brain non-synaptic and synaptic mitochondria by measuring distribution of the lipophilic cation tetraphenylphosphonium (TPP + ) across the inner mitochondrial membrane (39, 40) . The basal mitochondrial membrane potential and responses to ADP were identical in mitochondria from YAC128 and WT mice ( Mitochondrial membrane potential appeared to be similar in both non-synaptic and synaptic mitochondria from YAC128 and WT mice, indicating the lack of dysfunction in mitochondria with mHtt. To further examine a possible effect of mHtt on oxidative metabolism, we evaluated the respiratory activity of striatal and cortical neurons at 9 days in vitro (DIV) derived from YAC128 and WT mice (Fig. 9 ). To measure cell respiration, we used Seahorse XF24 flux analyzer. Cellular respiration was evaluated by measuring oxygen consumption rate (OCR). Simultaneously with respiration, we measured glycolytic activity by following the extracellular acidification rate (ECAR). However, the conditions and experimental design for ECAR measurements were not optimized and, therefore, the ECAR data should be considered as preliminary. Nevertheless, we believe that even preliminary ECAR data may provide valuable information. To accentuate mitochondrial respiration, in addition to 10 m glucose, the bath solution was supplemented with 15 m pyruvate (22) . We measured basal respiratory activity, oligomycin-sensitive respiration coupled to ATP synthesis, and maximal, uncoupled respiration in the presence of 2,4-dinitophenol (2,4-DNP). At the end of the experiment, cells were treated with a combination of rotenone and antimycin A (both in 1 µ), to assess non-mitochondrial respiration. The experiments with striatal and cortical neurons revealed no difference in respiratory rates between cells from YAC128 and WT mice ( Fig. 9A and B) . Interestingly, maximal respiratory activity of striatal neurons was considerably lower than maximal, uncoupled respiration of cortical neurons ( Fig. 9A and B) . It is possible that this contributes to increased vulnerability of striatal neurons in HD.
Oligomycin inhibits oxidative phosphorylation and stimulates glycolysis that is manifested in increased ECAR (43, 44) . However, because 2,4-DNP increases proton permeability of membranes and increases proton extrusion from the cell, ECAR cannot be used as an indicator of glycolytic activity in the presence of protonophore (23) . Therefore, similarly to Gouarne et al. (23), we did not analyze ECAR data obtained after 2,4-DNP Figure 6 . Expression of nuclear encoded mitochondrial proteins in non-synaptic and synaptic mitochondria isolated from 2-and 10-month-old WT and YAC128 mice. In our experiments, basal as well as oligomycin-stimulated ECARs were similar in neurons from YAC128 and WT mice, suggesting similar glycolytic activities in YAC128 and WT cells incubated in 'high glucose medium' (Fig. 9C and D) . Recently, Gouarne et al. (23) reported that neurons from BACHD rats have lower maximal respiratory rates compared to cells from WT animals, but only if neurons were incubated in the 'low glucose medium' (2.5 m glucose, no pyruvate). We therefore examined respiratory activities of striatal and cortical neurons from YAC128 and WT mice in the 'low glucose medium' and did not find a significant difference (Fig. 10A and B) . However, following oligomycin application, striatal neurons from YAC128 mice demonstrated slightly, but statistically significant decrease in oligomycin-stimulated ECAR compared with cells from WT animals, suggesting some decline in glycolytic activity under these conditions ( Fig. 10C and D) . This is consistent with previously reported data (23) . Thus, measurements of respiratory and glycolytic activities with primary striatal and cortical neurons from YAC128 and WT mice revealed the lack of respiratory deficits in cells expressing mHtt and only a marginal decrease in oligomycinstimulated glycolytic rate when cells were incubated in the 'low glucose medium'.
Consistent with the lack of respiratory defects, we did not find a difference in ATP and ADP levels in isolated nonsynaptic and synaptic brain mitochondria isolated from 2-and 10-month-old animals or in primary striatal neurons (10 DIV) from YAC128 and WT mice (Fig. 11) . These results support the lack of bioenergetic deficiency in brain mitochondria and cultured neurons from YAC128 mice.
Although we did not find any difference in respiration of isolated mitochondria or cultured neurons from YAC128 and WT mice, these results could not exclude an effect of mHtt on mitochondrial respiration in vivo. Considering this, we tested oxidative metabolism of YAC128 and WT mice in vivo. In these experiments, we chose to use 10-month-old animals, an age that HD mice have previously been found to show evidence of neurodegeneration (striatal atrophy) (24) . Mice were kept in metabolic cages (Animal Monitoring System, Lab Master, TSE Systems, Midland, MI, USA) for 72 h for acclimation and then for the following 96 h, animal OCR, CO 2 release rate and motor activity were monitored. Because adipose tissue does not significantly contribute to overall O 2 consumption, the lean body mass was determined for each mouse by dual-energy X-ray absorptiometry (DEXA) scanning and the OCRs and CO 2 release rates were normalized to animal lean body mass (45) . Our experiments revealed that YAC128 mice and WT littermates have similar motor activity and comparable in vivo OCRs and CO 2 release rates (Fig. 12) . The respiratory exchange ratio (RER, CO 2 produced/O 2 consumed), which is indicative of the preferential fuel source for energy metabolism-carbohydrate or lipid-, was also similar in YAC128 compared with WT mice (data not shown). This finding suggests a lack of significant changes in energy metabolism in YAC128 mice. Additionally, we measured food consumption and fasted blood glucose in YAC128 and WT mice and found no difference in these parameters. However, YAC128 mice were heavier compared with age-matched WT mice and had larger percentage of body fat (Table 1) . Thus, whole animal respirometry with YAC128 and WT mice confirmed the lack of respiratory deficiency and supported the conclusion that respiratory activity in YAC128 mice is not affected by mHtt.
Discussion
In the present study, we, for the first time, evaluated the effect of mHtt on oxidative metabolism using a combination of three different experimental models: isolated mitochondria, neurons in culture and whole YAC128 and WT animals. All three models produced consistent results strongly arguing against a noteworthy deleterious effect of mHtt on mitochondrial oxidative metabolism and neuronal glycolysis in YAC128 mice. The lack of respiratory defects suggests that mHtt does not impair mitochondrial oxidative metabolism in YAC128 mice. Consequently, mitochondrial respiratory deficiency most likely does not contribute to HD pathology in YAC128 mice, and if it occurs later in disease progression, it most likely represents a consequence of HD pathology rather than its cause.
In our study, we took extra effort to confirm that mHtt is present in cultured neurons from YAC128 mice and that mHtt is associated with mitochondria isolated from transgenic animals. We invariably performed genotyping with every animal and immunoblotting with every sample of isolated mitochondria and cultured neurons to confirm the presence of mHtt in biological materials from YAC128 mice. Consistent with previously reported data (24, 27) , in western blotting experiments performed with brain homogenates and cytosolic fractions from YAC128 mice, we found that human mHtt was expressed at the same level as wild-type mouse Htt. Using mAb 2166, which recognizes both wild-type Htt and mHtt, we detected wild-type Htt associated mitochondria from both WT and YAC128 mice (Fig. 2B) . With mAb 2166, we also detected mHtt associated with mitochondria from YAC128 mice. Surprisingly, the amount of mHtt associated with mitochondria was four times lower than the amount of mitochondria-bound wild-type Htt. Keeping in mind that similar amounts of mHtt could be easily detected with mAb 2166 in homogenates and cytosolic fractions from YAC128 mice, this suggests that mHtt has lower affinity for mitochondria compared with wild-type Htt. This also suggests that a considerable amount of wild-type Htt is associated with mitochondria and, presumably, wild-type Htt plays some role in regulation of mitochondrial functions. Indeed, a recent study with mouse embryonic stem cells (mESC) revealed that the lack of wild-type Htt in htt −/− mESCs results in extensive metabolic aberrations (44) .
On the other hand, mESCs expressing mHtt with an expanded poly-Q stretch (Htt-Q140/Q7 mESCs) were bioenergetically indistinguishable from mESCs expressing wild-type Htt (Htt-Q7/Q7 mESCs) (44), which is, again, consistent with our results. This study (44) , as well as our finding regarding the association of wild-type Htt with brain mitochondria, supports a potential role of wild-type Htt in regulation of mitochondrial functions. However, many questions concerning the relationship between wild-type Htt and mitochondria remain to be answered. Is wild-type Htt located on the outer side of the outer mitochondrial membrane, in the intermembrane space or in the mitochondrial matrix? Is it inserted into the outer membrane or only peripherally attached to the membrane like mHtt? How does wild-type Htt affect mitochondrial respiration, Ca 2+ uptake and PTP induction?
Does mHtt interfere with wild-type Htt-mediated regulation of mitochondrial functions? These and many other questions need to be answered to gain insight into the role of wild-type Htt in the regulation of mitochondrial functions and to better understand possible deleterious effect of mHtt on mitochondria or reasons for the lack of such an effect.
In our experiments, we chose to use both early symptomatic, 2-month-old YAC128 mice as well as 10-month-old YAC128 mice at a more advanced HD stage, expecting to see overt alterations in mitochondrial functions. The 2-month-old YAC128 mice used in our experiments already demonstrated clasping, a clear sign of HD-associated behavioral abnormalities reported previously with other mouse models of HD (25, 26) . This observation assured us that if mitochondrial respiratory dysfunction plays a role in neuronal alterations leading to behavioral abnormalities, then at this stage of HD progression, we should be able to detect this change in mitochondrial respiratory activity. This would allow for the further investigation of the mechanism of respiratory deficiency induced by mHtt. Even more so, we expected to see mitochondrial dysfunction with 10-month-old YAC128 mice. However, despite all our efforts, we found no difference in respiratory activity of isolated mitochondria and cultured neurons, from YAC128 and WT mice. Moreover, we did not find differences in mitochondrial membrane potential or in ADP and ATP levels in isolated mitochondria and cultured striatal neurons from YAC128 and WT mice. Finally, oxygen consumption rates of YAC128 and WT mice were similar. These results strongly argue against mitochondrial bioenergetic deficit as a cause of neuronal malfunction and behavioral abnormalities in YAC128 mice.
In the present study, we found a minute but statistically significant decline in oligomycin-stimulated ECAR in striatal neurons from YAC128 mice incubated with 2.5 m glucose. This suggested a decreased glycolytic activity in striatal neurons from YAC128 mice. However, interpretation of ECAR in the presence a protonophore 2,4-DNP appears to be problematic. Since 2,4-DNP increases proton permeability of lipid membranes and enhances proton extrusion from the cell, ECAR cannot be used for evaluation of glycolytic activity in the presence of the protonophore (23) . Thus, similar to Gouarne et al. (23), we did not analyze ECAR data produced in the presence of 2,4-DNP.
Previously, oligomycin-stimulated extracellular acidification was interpreted as an indicator of glycolysis activation under conditions of inhibition of oxidative phosphorylation (43, 44) . However, under these conditions, cellular respiration is significantly suppressed and, consequently, we cannot correlate respiratory rate and glycolytic activity based on the data obtained in the presence of oligomycin.
Since the discovery of a link between the mutation in huntingtin and HD pathogenesis (3), numerous hypotheses concerning the mechanism of detrimental mHtt action have been put forward and numerous studies have been performed to untangle these mechanisms. The studies regarding possible defects in oxidative metabolism can be divided into two groups: one of which generated experimental data indicating impairment of mitochondrial functions either in animal or cell models of HD (13) (14) (15) (16) (17) (18) 46, 47) , whereas the other group produced data arguing against defects in oxidative metabolism (19) (20) (21) (22) (23) 36, (48) (49) (50) . The reasons for these contradictory data are not clear, but it might be related to methodological differences and the use of different experimental models of HD. Interestingly, recent studies with HD patients revealed that oxidative metabolism remains properly operating despite expression of mHtt (51) (52) (53) . These observations support the point of view that mHtt does not directly and severely affect mitochondrial functions. This is also in line with the lack of alterations in oxidative metabolism in YAC128 mice examined in the present study.
The lack of alterations in oxidative metabolism in YAC128 mice suggests that mHtt in these mice does not directly and acutely affect mitochondria. Therefore, mHtt neurotoxicity most likely is mediated by mechanisms unrelated to mitochondria, such as oxidative stress associated with elevated NAD(P)H oxidase activity (54) and/or alterations in cholesterol metabolism (55) . Therefore, mitochondrial bioenergetic impairment, if it can be detected, most likely lies downstream of mHtt-induced alterations in other neuronal functions. However, it is also possible that in other cell or animal HD models, full-length or truncated mHtt with different levels of expression and different Htt/mHtt ratio does influence mitochondrial functions. Consequently, further investigations with alternative HD models and cell lines derived from HD patients are necessary to demonstrate and clarify possible deleterious effects of mHtt on oxidative metabolism.
Materials and Methods

Materials
Pyruvate, malate, succinate, glutamate, EGTA, ADP, oligomycin, rotenone, antimycin A and 2,4-dinitrophenol were purchased from Sigma (St Louis, MO, USA). Tetraphenylphosphonium chloride was from Fluka (Buchs, Switzerland). BSA, free from free fatty acids, was from MP Biomedicals (Irvine, CA, USA).
Animals
All procedures with animals were performed in accordance with the Institutional Animal Care and Use Committee approved protocol. Transgenic YAC128 and wild-type FVB/NJ mice were purchased from Jackson Laboratories (Bar Harbor, ME, USA) and breeding colonies were established in Laboratory Animal Resource Center at Indiana University School of Medicine, Indianapolis, IN, USA. Male YAC128 mice were bred with female FVB/NJ mice (background strain). The mice were housed under standard conditions with free access to water and food. For our experiments, we used early symptomatic 2-month-old YAC128 mice and their wild-type (WT) littermates (background: FVB/NJ) as well as 10-month-old YAC128 and age-matched WT littermates. In our study, mice of both sexes were used. To evaluate the expression of nuclear encoded mitochondrial proteins, we used 2-and 10-month-old YAC128 mice and their age-matched WT littermates. YAC128 mice express full-length human mHtt containing 128 glutamines in polyglutamine stretch in addition to wild-type mouse Htt (24).
Genotyping
All offspring were genotyped using a PCR assay on tail DNA. Briefly, PCR of tail DNA was carried out following the protocol provided by Jackson Laboratory with oligonucleotide primers oIMR6533 (GGCTGAGGAAGCTGAGGAG) and TmoIMR1594 (CCGCTCAGGTT CTGCTTTTA) obtained from Invitrogen. The PCR reaction mixture consisted of 1 µl DNA template and 23 µl Platinum PCR SuperMix (Invitrogen) supplemented with 0.39 µ of each primer (Invitrogen), total volume 25 µl. Cycling conditions were 5 min at 95°C, 35 cycles at 30 s at 95°C, 30 s at 56°C, 60 s at 72°C, 10 min at 72°C. Reaction products were analyzed on 1.2% agarose gel run at 100 V for 60 min with Tris-acetate-EDTA running buffer containing 1X GelRed TM Nucleic Acid Gel Stain (Biotium, CA, USA). 
Isolation of brain, liver and heart mitochondria
Percoll gradient-purified brain non-synaptic and synaptic mitochondria as well as unpurified brain, liver and heart mitochondria from 2-and 10-month-old YAC128 and age-matched WT mice were isolated as we described previously (40, 56) . Earlier, it was hypothesized that BSA can displace mHtt from its binding sites on mitochondria (33) . Therefore, BSA was omitted from all solutions used in our experiments with isolated mitochondria unless stated otherwise. Liver and heart mitochondria were isolated as we described earlier (56), but without Percoll gradient purification.
Mitochondrial respiration and membrane potential
Mitochondrial respiration was measured under continuous stirring in 0.4 ml thermostated chamber at 37°C in the standard incubation medium containing 125 m KCl, 0. 
Transmission electron microscopy
Electron microscopy of isolated mitochondria was performed as described earlier (30) . Briefly, prior to fixation, mitochondria were incubated for 10 min at 37°C in the standard incubation medium. Then, mitochondria were fixed in 2.5% glutaraldehyde in the same incubation medium at room temperature for 15 min. Electron micrographs were taken using a Tecnai G12 BioTwin electron microscope (FEI, Hillsboro, OR, USA) equipped with an AMT 2.6 × 2.6 K digital CCD camera. Mitochondrial morphology was analyzed in a blind manner as described previously (29) (30) (31) . Briefly, mitochondrial population was categorized into three classes: (i) condensed mitochondria with dark, shrunk matrices and distinct vacuolization, (ii) swollen mitochondria with light, expanded matrices and (iii) orthodox mitochondria with evenly spread grey matrices. Mitochondria were counted and morphological distribution was statistically analyzed using one-way analysis of variance followed by Bonferroni's post hoc test (GraphPad Prism® 4.0, GraphPad Software Inc., SanDiego, CA, USA).
ATP and ADP content
ADP and ATP were determined using a luciferin/luciferase-based ATP bioluminescent somatic cell assay kit (Sigma) and a GloMax 20/20 luminometer (Promega). Mitochondria were incubated for 10 min at 37°C in the standard incubation medium supplemented with 3 m succinate plus 3 m glutamate and then ADP and ATP were measured. Cultured striatal neurons (10 DIV) were lysed on ice with the Releasing Reagent (Sigma) according to manufacturer's instructions. In all cases, ATP was measured in 4% perchloric acid extracts neutralized by KOH following kit manufacturer's suggestions. ADP was converted to ATP using pyruvate kinase in the presence of phosphoenolpyruvate (57).
Immunoblotting
Brain homogenates, cytosolic fractions and isolated mitochondria pretreated with Protease Inhibitor Cocktail (Roche) were solubilized by incubation in NuPAGE LDS sample buffer (Invitrogen, Carlsbad, CA, USA) supplemented with a reducing agent at 70°C for 15 min. Bis-Tris Mops gels (12%, Invitrogen) and Tris-Acetate gels (3-8%, Invitrogen) were used for electrophoresis (20 µg protein per lane). After electrophoresis, proteins were transferred to Hybond-ECL nitrocellulose membrane (Amersham Biosciences). Blots were incubated for 1 h at room temperature in blocking solution of 5% dry milk, phosphate-buffered saline, pH 7. 
Cell respirometry
OCRs of cultured striatal and cortical neurons (9 DIV) were measured using Seahorse XF24 flux analyzer (Seahorse Bioscience, Billerica, MA, USA) following the manufacturer's instructions. Neuronal cultures were grown in the assay plates at 10 5 cells per well. Before measuring, the growth medium was replaced by the standard bath solution supplemented with 10 m glucose and 15 m pyruvate or 2.5 m glucose alone as indicated. The standard bath solution contained 139 m NaCl, 3 m KCl, 0.8 m MgCl 2 , 1.8 m CaCl 2 , 10 m HEPES, pH 7.4. In experiments, in which 2.5 m glucose was used, sucrose was supplemented to maintain osmolarity similar to that in the growth medium (300 mosm). At the end of experiments, cell density and survival rate were analyzed after loading cells with 2 µg/ml calcein-AM as described previously (23) . In our study, we analyzed only Seahorse data from wells with similar cell density and survival rates.
Calorimetric analysis
Calorimetric analysis was performed as described previously (45 
Mouse body composition
Fat mass and lean body mass of WT and YAC128 mice were estimated by DEXA scanning. A PIXImus II mouse densitometer (Lunar Corp., Madison, WI, USA) was used in the Department of Cell Biology and Anatomy, Indiana University School of Medicine. During scanning, the mice were maintained in the anesthetized state by a constant flow of isoflurane gas (2% with oxygen at a rate of 1 l/min) administered by a nose cone. The duration of the scan was 4-5 min.
Statistics
Power analysis was performed using G*Force software version 3.1.9.2 (by Franz Faul, Universitat Kiel, Germany) to establish the sample size necessary to detect a 10 and 20% difference between mitochondria from WT and YAC128 mice. The results of this analysis are shown in Supplementary Material, Table S1 . Based on this power analysis, the number of experiments that gives an 80% likelihood (the accepted level in statistical analysis) of detecting 10% difference between two means at the significance level of α = 0.05 is within the range of 6-10 experiments. Experimental data shown in the paper are means ± SEM of indicated number of independent experiments. Statistical analysis of the experimental results consisted of unpaired t-test or one-way ANOVA followed by Bonferroni's post hoc test (GraphPad Prism® 4.0, GraphPad Software Inc., San Diego, CA, USA).
Supplementary Material
Supplementary Material is available at HMG online. 
